Changes in the level of metabolites of the C4 cycle and reductive pentose phosphate (RPP) pathway were measured simultaneously with induction of photosynthesis in maize (Zea mays L.) to evaluate what may limit carbon assimilation during induction in a C4 plant.
the RPP pathway (ribulose-1,5-bis-phosphate, 3 -phosphoglycerate, dihydroxyacetonephosphate, and fructose-1,6-bisphosphate) during the first minute of illumination. The net increase of carbon among intermediates of the C4 cycle and RPP pathway was far above that of carbon input from CO2 fixation, and the increase in intermediates of the RPP pathway could not be accounted for by decarboxylation of C4 acids, suggesting that an endogenous source of carbon supplies the cycles. After 3 minutes of illumination there was a gradual rise in the levels of intermediates of the C4 cycle and in the total level of metabolites measured in the RPP pathway. This rise in metabolite levels occurs as photosynthesis gradually increases and may be required for carbon assimilation to reach maximum rates in C.4 plants. This latter stage of inductive autocatalysis through the RPP pathway may contribute to the final buildup of these intermediates. ment, these enzymes reached their maximum levels of activation within 2.5 min, although photosynthesis had reached only half its maximum rate.
While the stomata of C3 plants are partially closed in darkness, the stomata of C4 species are fully closed (1) . This suggests that stomatal conductance could limit photosynthetic CO2 assimilation during the induction period, especially in C4 plants. In evaluating this possibility in a previous study (20) , when maize plants were illuminated after a 20-min dark treatment, the rate of CO2 assimilation increased at approximately the same rate as stomatal conductance, suggesting that stomatal conductance might limit the rate of photosynthesis during the induction period. However, during the first 3 to 5 min of illumination, the intercellular concentration of CO2 gradually decreased from 420 Ml -L`in the dark to below atmospheric level and then reached a steady-state concentration of approximately 150 ul. L'. If stomata exerted a limitation during the induction of photosynthesis, a reverse pattern would be expected, with intercellular CO2 concentration initially being very low upon illumination and then increasing with time as stomatal conductance increased. An internal CO2 concentration of 150 ,l-L-' was close to saturating levels for maximum rate of photosynthesis by maize under optimal conditions (20) . Thus, we concluded that stomatal conductance does not limit photosynthesis during the induction period.
These results indicated that, during the induction process in addition to the light activation of enzymes, some other factor(s) is limiting before photosynthesis in this C4 plant reaches its maximum rate. This limitation may be the build-up of sufficient concentrations of certain metabolites of the C4 cycle and/or the RPP pathway. Thus, the purpose of this study was to evaluate the change in levels of various photosynthetic metabolites during induction of photosynthesis in maize.
In C4 plants, NADP-malate dehydrogenase and pyruvate, Pi dikinase of the C4 cycle and fructose-1,6-bisphosphatase of the RPP2 pathway are known to be light-activated in vivo (7, 21) . Recently, the degree of light activation of these photosynthetic enzymes relative to the rate of leaf photosynthesis in a C4 species, maize, was evaluated during the induction period, and under steady-state photosynthesis at varying light intensities (21 August 5, 1984) . Each plant was cultured in a 3-L pot containing a mixture of vermiculite and soil with sufficient nutrients as described previously (19 Samples of leaf segments were frozen in liquid N2 in the light or in darkness (under a low light intensity of green safe light) and stored at -80C until the assay of metabolites. The liquid N2 was poured into a centrifuge tube in which a frozen sample was stored. Midribs were removed and discarded. Leaf samples were pulverized in a liquid N2-cooled mortar and pestle. A pellet of 1.4 ml of frozen 3% HC104 was added to the powder and gently pulverized with it according to the method of Leegood and Furbank (13) . The mortar and pestle were rinsed three times with 3 ml of ice-cold 3% HC104. The combined mixture was left for I h on ice and centrifuged at 3,000g for 10 min at 4C. The supernatant was retained and the pellet was washed with 1 ml of ice-cold 3% HCl04 and centrifuged again. The pellet was reserved for the determination of pheophytin.
UV absorbance of the combined supernatant solutions were reduced to a very low level by mixing the extracts with activated charcoal (Sigma C-4386) for 5 min on ice. Preliminary experiments revealed that 14 mg of charcoal are needed for 1 ml of solution with A34.0 of 20 in order to reduce the UV absorbance. The extracts were centrifuged at l0,OOOg for 5 min at 4C. The supernatant fractions were neutralized to about pH 6.0 by addition of 2.5 M K2CO3 and centrifuged at l0,OOOg for 5 min at 4C. The supernatant was immediately used for the determination of metabolites by coupled-enzyme assay techniques (14) in a Hitachi 220-A spectrophotometer. The values obtained for FBP is a maximum estimate since the assay used also measures half the sedoheptulose-bisphosphate pool, due to the action of aldolase.
RuBP and PGA were determined by a two-step method, in a mixture (0.5 ml) of 10 mm NaHCO3, 60 mM Hepes-KOH (pH 8.0), 10 mm KCI, 30 mM MgCI2, 1 mM DTE, and leaf extract, with or without 1 unit of purified and activated spinach RuBP carboxylase, respectively. RuBP carboxylase was purified from spinach leaves using Sephadex G-200 and DEAE-cellulose. After 20 min, the reactions were stopped by adding 50 gl of 20% HC104 and neutralized with 2.5 M K2CO3. The reaction mixtures were centrifuged at l0,OOOg for 5 min at 4°C, and supernatants were used for the second-step analysis. The PGA generated from the RuBP (samples containing RuBP carboxylase) and the PGA which originally existed in the extracts (samples without RuBP carboxylase) were determined in a mixture (1.0 ml) of 5 mm ATP, 0.2 mI NADH, mr phosphocreatine, 40 mi Hepes-KOH (pH 7.8), 10 units of creatine phosphokinase, 5 units of glyceraldehyde-3-phosphate dehydrogenase, and 5 units of PGA kinase. Alanine was determined in a mixture (1.0 ml) of 16 mM Tris-400 mm hydrazine-HCI (pH 10.0), I mM NAD, and 1.5 units of alanine dehydrogenase (Boehringer-Mannheim).
Chl Determination. Chl was measured by the method ofArnon (2). Pheophytin was extracted from HCl04 residues into 80% acetone using a Teflon/glass homogenizer. Pheophytin was measured by the method of Vernon (23) and converted to Chl units.
RESULTS AND DISCUSSION
There was a reasonable recovery ofmetabolites from leaftissue based on the percentage recovery of authentic compounds from extraction and analysis procedure (72% for PEP, 86 to 97% for all other metabolites; Table I ). In determining the metabolite content ofleaftissue, corrections were made based on the average recoveries shown in Table I .
The concentration of malate in maize leaves differed significantly from leaf to leaf (data not shown; also see Fig. 1 ). This may be due to a large fraction of the total malate pool being photosynthetically inactive (8) . Therefore, particular care was taken to ensure uniform sampling for determinations of metabolite levels; the middle sections of a large leaf (about 1 m long x 10 cm wide) were used. The SD of metabolite levels in different sections of the middle portion of the same maize leaf was low (Table I) .
A steady-state rate of CO2 assimilation was reached after 20 to 25 min of illumination ( Fig. 1 ) which is consistent with our previous results (20, 21) . Changes in levels of intermediates of the C4 cycle and RPP pathway during the induction period are shown in Figure 1 . There was an initial rapid decrease in pyruvate during the first min of illumination which was accompanied by an increase in PEP. Thereafter, pyruvate levels rose substantially Levels in the Middle Section ofa Maize Leaf The recoveries are expressed as a percentage of the amount added and are the averages of six separate determinations. Leaf samples (about I mg Chl) were cut from the middle portion of the same leaf and frozen in liquid N2 under full sunlight around noon on a sunny day. Measured amounts of intermediates (50 to 1,000 nmol) were added to mortar and pestle prior to one of the samples of leaf tissue and pulverized with it. In each case, the quantity of metabolite measured in a control leaf sample was subtracted from the quantity of metabolite measured in the leaf sample with authentic metabolite added. Six leaf samples (about 2 to 3 mg Chl) were cut from the middle portion of the same leaf and frozen in liquid N2 under full sunlight around noon on a sunny day for the determination of metabolite levels in different sections Figs. 2 and 3 ). There was a big peak in the concentration of alanine around 30 s to 1 min of illumination, after which its level decreased up to 3 min. There was a rapid increase in the concentration of RuBP up to 2 min and thereafter its level gradually decreased and reached a steady level after about 10 min. The concentration of FBP showed similar changes to those of RuBP. The level of PGA rapidly increased during the first 30 s of illumination and thereafter stayed constant for about 3 min; then its level increased up to 10 min of illumination and remained constant thereafter. The DHAP level, which was almost nil at time zero, reached a big peak after 1 min of illumination, then decreased rapidly up to 3 min, and gradually increased to a steady level thereafter. The level of fructose-6-phosphate and glucose-6-phosphate showed a small peak around 1 min and then gradually increased.
To assess the potential role of a build-up of the concentrations of intermediates of the C4 cycle and RPP pathway during induction, the following evaluations were made on the data of Figure   r Figure 2 . The amount of oxaloacetate in maize leaves under steady-state photosynthesis is very low (8) and its amount was not determined in this study. There was an initial decrease followed by a gradual increase in the total C atoms of the measured C4 acids. Three-carbon metabolites of the C4 cycle (PEP + pyruvate + alanine) initially attained a peak level around the first 30 s of illumination and after declining rapidly, showed a small increase in the following period. The C atoms in the intermediates of the RPP pathway showed a rapid, large increase during the first min of illumination, a small peak at 1 min, and then a gradual increase after 3 min.
In a previous study, after about 2.5 min of illumination, the enzymes NADP-malate dehydrogenase, fructose-1 ,6-bisphosphatase, and pyruvate, Pi dikinase were fully activated, although photosynthesis had attained only half of its maximum activity (21) , or about 40% of its maximum activity in the experiments shown in Figure 1 . During this initial phase of induction, light activation of the enzymes plays an important role in increasing (22) . However, the degree of the activation of RuBP carboxylase during the induction period has not been evaluated. The mechanisms for the transient peak of RuBP during induction should be studied.
Although the mechanism of the accumulation of RuBP during the initial phase of induction is unknown, the source of carbon for the increase in RuBP and other intermediates of the RPP pathway needs to be evaluated. Because carboxylation of RuBP seems to be limited, an autocatalytic build-up of intermediates of the RPP pathway seems unlikely. Whether the amount of carbon fixed during the initial phase of induction could account for the build-up of the intermediates of the RPP pathway was assessed. The total carbon fixed during the initial 30 s of illumination was 185 nmol CO2* mg ' Chl (Fig. 2) . On the other hand, the amount of carbon accumulated in the measured RPP pathway intermediates was 836 natom C * mg-' Chl during this period (Fig. 2) . These results indicate that the amount ofCO2 assimilated was far below the level needed to account for the observed buildup of the intermediates of the RPP pathway. Another possible source of carbon to account for that accumulated in the RPP pathway intermediates is from intermediates of the C4 cycle. The amount of carbon lost from the C4 acids (malate + aspartate) was 280 natom C. mg-' Chl during the first 30 s of illumination and only one-fourth of this (70 natom C-mg:' Chl) could serve as a donor of CO2 from C4 acid decarboxylation (Fig. 2) . Thus, there is still a big discrepancy between the amount oftotal carbon input from CO2 fixation, the apparent decarboxylation of C4 acids and the amount of carbon accumulated in the measured RPP pathway intermediates. Furthermore, there was a big increase of 598 nmol * mg-' Chl or 1794 natom C mg-' Chl in the level of three-carbon compounds of the C4 cycle (PEP + pyruvate + alanine) during the first 30 s of illumination (Figs. 2 and 3) . Thus, there must be carbon input into the C4 cycle from an unknown source to account for the net rise in level of these three-carbon compounds (Figs. 2 and 3) . Figure   1 . (20) . The Chl content and thickness of the leaves used in this study were 4.9 mg Chi dm-2 and roughly 150 gm, respectively.
Then the calculated quantity of CO2 used from the internal CO2 pool is roughly only 1 nmol -mg-' Chl during the initial 30 s of illumination. Therefore, the contribution of internal CO2 to the build-up of the intermediates of the RPP pathway appears negligible. Even considering that some internal CO2 will be available in the aqueous phase in the cells in the form of bicarbonate, this source would also appear insignificant since the cytoplasm of the leaf occupies such a small part of the total internal volume of the leaf.
Hatch (8) reported that there was a substantial increase in pools of PEP, oxaloacetate, and PGA during induction in leaves of Chloris gayana, a PEP carboxykinase type C4 plant. However, little was known about the changes in levels of photosynthetic metabolites during induction in maize. Recently, Leegood and Furbank (13) observed a similar phenomenon as that described above in that the amount of carbon fixed during an initial phase of induction in maize leaves was less than the amount of carbon accumulated in the intermediates of the RPP pathway (RuBP not measured). They concluded that aspartate and alanine could partly contribute to the build-up ofphosphorylated intermediates of the RPP pathway (13) . However, initially there was a small increase in alanine concentration (13) . Currently no measured metabolites can totally explain the build-up of the intermediates of the RPP pathway and the increase in the alanine levels during initial phase of induction. The peaks of alanine, DHAP, and RuBP and the increase in the levels of PGA during the initial phase of induction suggest that there could be carbon supply from some compound(s) which was not measured but highly related to these 3-carbon compounds, or from compound(s) which existed in other than the measured material (e.g. midrib). Recently, Leegood ( 12) found that malate, aspartate, and alanine were present in the nonphotosynthetic tissue of the midrib of maize leaves in large quantities. The sources of carbon for the nonautocatalytic build-up of the intermediates of the RPP pathway and also for the increase in the level of alanine will be examined in subsequent work.
In contrast to the present results, Leegood and Furbank (13) suggested that during induction, intermediates of the RPP pathway may be initially built up partly at the expense ofthe C4 cycle intermediates or their precursors. This discrepancy might be due to a difference in the length of dark-pretreatmnt (i.e. 20 min in the present study and 15 h in theirs) and growth conditions (plants grown outdoors under full sunlight in the present study and under greenhouse conditions in their study), but the basis for this discrepancy remains to be elucidated.
If the C4 cycle were closed, the total ,umol of intermediates of the C4 cycle should stay constant, even though gatom of C in intermediates may increase as a result ofcarboxylation. However, there were substantial changes in the level of intermediates in the C4 cycle (Fig. 3) . These results indicate that in the initial phase of induction (0 to 30 s) there is input of carbon into the C4 cycle from an unknown source. During the latter stage of induction (5 to 20 min), there is a gradual increase in level of C4 cycle intermediates (Fig. 3 ) which may be due to C input from CO2 fixation in the RPP pathway. One possible way in which this may occur is by conversion of PGA of the RPP pathway to PEP ofthe C4 cycle. Thus, during induction, net interconversions of carbon between the C4 cycle and the RPP pathway in addition to carbon supply to the C4 cycle and RPP pathway from unknown sources likely occurs prior to reaching a steady-state of CO2 assimilation.
In summary, an ultimate build-up of both the intermediates of the C4 cycle and the RPP pathway appears essential to attain a maximum rate of photosynthesis during the induction period. The source ofcarbon for the RPP pathway and the mechanism(s) 
